Cholera epidemics have long been known to spread through water contaminated with human fecal material containing the toxigenic bacterium Vibrio cholerae. However, detection of V. cholerae in water is complicated by the existence of a dormant state in which the organism remains viable, but resists cultivation on routine bacteriological media. Growth in the mammalian intestine has been reported to trigger "resuscitation" of such dormant cells, and these studies have prompted the search for resuscitation factors. Although some positive reports have emerged from these investigations, the precise molecular signals that activate dormant V. cholerae have remained elusive. Quorum-sensing autoinducers are small molecules that ordinarily regulate bacterial gene expression in response to cell density or interspecies bacterial interactions. We have found that isolation of pathogenic clones of V. cholerae from surface waters in Bangladesh is dramatically improved by using enrichment media containing autoinducers either expressed from cloned synthase genes or prepared by chemical synthesis. These results may contribute to averting future disasters by providing a strategy for early detection of V. cholerae in surface waters that have been contaminated with the stools of cholera patients or asymptomatic infected human carriers.
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biofilm formation | CVEC | transmissibility T he natural habitats of the species Vibrio cholerae are estuarine or fresh water aquatic environments (1) (2) (3) . In cholera endemic areas such as Bangladesh, viable V. cholerae can be readily detected in water during seasonal cholera epidemics; however, as disease incidence decreases, the isolation of viable V. cholerae becomes dramatically more difficult perhaps in part due to the influence of lytic bacteriophages (4, 5) . However, during the interepidemic period, the organism can also occasionally be found in a viable but dormant state, which has been alternately referred to as the viable but nonculturable (VBNC) cells (1) , conditionally viable environmental cells (CVEC) (6) , or active but nonculturable (ABNC) (7) . Recently we have documented the existence of CVEC in surface waters of Bangladesh by using fluorescent antibody based microscopy, which revealed clumps of V. cholerae O1 cells in water, which were often negative for V. cholerae O1 by conventional culture. To detect possible presence of relatively small number of culturable cells in such water we also used enrichment and selection approaches that depend on antibiotic resistance profiles displayed by the strains that have caused the preceding cholera epidemic. This approach referred to as antibiotic selection technique (AST) (8) allowed enhanced detection of V. cholerae by suppressing growth of other environmental bacteria that would otherwise mask the small number of V. cholerae colonies.
In our previous studies, CVEC were found to be organized as aggregates of cells embedded in extracellular material, presumably Vibrio extracellular polysaccharide (VPS) (6) . The genes responsible for VPS production are controlled by a regulatory pathway that includes two autoinducers (AIs) called cholera autoinducer-1 (CAI-1) and autoinducer-2 (AI-2), their cognate receptors CqsS and LuxP, and a signal transduction cascade that involves phosphorylation, dephosphorylation, noncoding small RNAs, RNA chaperones, as well as several transcriptional regulatory proteins (9) (10) (11) (12) (13) . Because autoinducers are small molecules that typically regulate gene expression under conditions of high bacterial cell density (9-17), we reasoned that molecules might signal to dormant cells that conditions have become favorable for growth. Specifically we hypothesized that CAI-1 and AI-2 could therefore enhance CVEC resuscitation. Here we show that addition of biologically synthesized or synthetic AIs to enrichment medium dramatically improves resuscitation of pathogenic V. cholerae CVEC present in environmental water samples collected from a geographic locale that regularly suffers from seasonal cholera epidemics.
Results
Autoinducers CAI-1 and AI-2 Enhance Resuscitation of CVEC. To examine whether AIs such as CAI-1 and AI-2 also acted as resuscitation factors for environmental CVEC, we tested water samples collected in aquatic sites in Dhaka, Bangladesh that have previously yielded evidence of CVEC (6) . To exclude samples that might contain a small proportion of culturable V. cholerae cells, aliquots of water were initially tested by AST enrichment and culture for the presence of V. cholerae (8) . Only samples that were negative in this initial culture even after 6 h of preenrichment were selected for resuscitation assays with various spent media from Escherichia coli or V. cholerae expressing or not expressing the AIs CAI-1 and AI-2. We found that addition of 50% (vol/vol) spent media from isopropylthio-β-galactoside (IPTG)-induced E. coli cultures or V. cholerae expressing cloned CAI-1 synthase gene resuscitated dormant V. cholerae O1 cells in many of the water samples within only a few hours of enrichment (Table 1) . Similarly, resuscitation of V. cholerae O1 was noticed in the presence of AI-2 expressed from a recombinant plasmid pluxS in strain C6706 luxS::TnFGL3ΔcqsA a derivative of strain C6706 in which its indigenous CAI-1 and AI-2 synthase genes were inactivated (Table S1 ). Aliquots of these same water samples were mostly negative for culturable V. cholerae when enriched in an identical manner but exposed to 50% (vol/vol) spent media from control cultures including (i) E. coli DH5α carrying the empty cloning vector pTAC, (ii) E. coli carrying cqsA that were not induced with IPTG, and (iii) V. cholerae C6706 with deletion of its indigenous AI synthase genes. Furthermore, characterization of culturable V. cholerae strains derived from these enrichments confirmed their close similarity to clones of V. cholerae that had recently caused local cholera epidemics in Dhaka.
To understand the parameters that allow V. cholerae to produce its own resuscitation factors, we tested whether V. cholerae strain C6706 produced enough AI molecules to induce resuscitation of CVEC. Surprisingly, wild-type V. cholerae C6706 did not produce spent medium that was significantly active in resuscitation assays on CVEC (Table 2 ). This prompted us to overexpress AI in C6706 by supplementing with cloned copies of the synthase gene in a recombinant plasmid. The supernatant of wild-type strains harboring such recombinant plasmids indeed showed significant resuscitation activity (Table S1 and Table 2 ).
In designing our experiments, we considered the fact that CVEC exist as clumps of bacterial cells resulting in an asymmetric distribution of bacteria in water, and that different equal aliquots of water even when obtained from the same source may contain unequal numbers of V. cholerae cells. Therefore, assaying of a large number of water samples and appropriate statistical analyses of the results were essential to demonstrate a significant increase in the recovery of culturable V. cholerae when AI preparations were used compared with water samples enriched without added AIs. We analyzed a total of 162 water samples collected between April 2011 and December 2012 at 10 previously defined environmental sites in Dhaka, Bangladesh (6) . Enrichment of these samples using different spent media ( Table 2 ), showed that presence of either of the two AIs significantly enhanced the recovery of culturable cells in environmental water samples (P < 0.001).
Chemically Synthesized AIs Can Act as Resuscitation Factor. Subsequently, we used chemically synthesized AIs to test whether these synthetic molecules could mimic the effect of natural AIs in resuscitation of CVEC. The chemical nature of both CAI-1 and AI-2 is now known. CAI-1 has been identified as (S)-3-hydroxytridecan-4-one and AI-2 is a furanosyl-borate-diester (14) (15) (16) (17) . Interestingly, both chemically synthesized CAI-1 and AI-2 showed significant resuscitation of CVEC in aliquots of environmental water samples when used separately and together (Table 3) .
Growth Kinetics Indicates Reactivation of Dormant Cells. Growth kinetic analysis was used to ascertain the earliest time of detection of culturable cells. These studies suggested that resuscitation of natural environmental CVEC occurs rapidly after exposure to AI containing spent media of E. coli or recombinant V. cholerae overexpressing AI. For the positive water samples, we typically observed high cfu counts (10 3 -10 4 viable cells) suddenly appearing within 4-5 h of exposure to CAI-1 (Table 1) or AI-2 (Table  S1 ) containing spent media. Because our limit of detection was 10 or more viable cells, these data suggest that these AI molecules were inducing the resuscitation of a larger number of dormant natural CVEC rather than simply stimulating the growth by binary fission of a small number of viable cells. The cfu counts on first appearance of colonies in these time course experiments (typically 5 h) may therefore represent the minimum number of recoverable dormant cells in the aliquot of water sample analyzed rather than the progeny of a lower number of reactivated dormant cells. By 6 h, the numbers increase typically 8-to 16-fold, which is consistent with both replication and resuscitation contributing to the viable count values if resuscitated cells undergo division rates typical of rich laboratory media (doubling time = ∼20-30 min).
Morphological Changes Associated with CVEC Resuscitation. V. cholerae CVEC typically are clumps of cells with a coccoid morphology that is distinctly different from culturable vibrio or rod shaped cells present in exponentially growing or fresh stationary phase cultures (6) . To observe morphological changes in CVEC that were associated with the resuscitation process, we conducted fluorescent anti-O1 antibody-based microscopic examination of aliquots of water samples, suspected to be positive for CVEC, Table 1 . Growth kinetics assays for resuscitation of V. cholerae O1 CVEC in environmental water samples using autoinducer CAI-1 preparation All samples were found to be negative for V. cholerae O1 in conventional enrichment culture, as well as with spent culture supernatants of different bacteria including E. coli DH5α carrying the empty cloning vector pTAC that were similarly induced with IPTG. Each data set represents the mean and (range) of three independent observations with different aliquots of the same water sample. Colony count of zero means no colonies were detected on plating of 100 μL aliquots of enriched culture. In theory, the concentration should be <10 colonies per milliliter.
and at regular intervals during an AI resuscitation experiment (Fig. 1) . In CAI-1-exposed cultures, extracellular material associated with coccoid CVEC cellular aggregates was found to disappear with time and cells began to disperse within 3 h of incubation. However, the cells became culturable only after 4 h, and by 6 h these aggregates changed from a coccoid to more vibrio and rod-like shapes. These morphological changes corresponded to the dramatic recovery of viable cells after 6 h of exposure to CAI-1 preparation. Mechanical disruption of such water samples to disperse CVEC by vortexing vigorously with silica beads at earlier time points (e.g., 3 h and less) during the resuscitation process failed to produce detectable viable counts, indicating that CAI-1-induced resuscitation is not solely related to physical breakdown of the extracellular matrix in which CVEC are embedded and subsequent dispersion of culturable cells within this matrix. Nonetheless, these changes in individual cell morphology and the disappearance of the extracellular matrix correlate with the detection of culturable cells after exposure to CAI-1-containing media. Similar morphological changes and dispersion of cells were also noticed, albeit at a slower pace when AI-2 was used in the enrichment culture.
Discussion
The data presented here provide several unique insights into the ecological and epidemiological behavior of V. cholerae. We have shown that quiescent forms of pathogenic V. cholerae that exist in aquatic reservoirs can be readily converted to culturable cells by exposure to either of two AI types. Because these AI molecules can be produced by multiple bacterial species, it follows that viable cells of pathogenic V. cholerae can suddenly emerge from any environment that is replete in such AI molecules as well as a nutrient source. Because CAI-1 is narrowly distributed in Vibrio species (15), whereas AI-2 is produced by numerous bacterial species (15) (16) (17) , our data suggest that resuscitation of V. cholerae CVEC could occur either outside or inside a human host as a result of exposure to a high concentration of AIs. Thus, CVEC could be exposed to AI molecules produced by environmental bacterial species or by the normal intestinal bacterial microbiota present in aquatic animals, which include plankton, crustaceans, insects, mollusks, or fish. This concept could explain aspects of cholera seasonality in geographical areas like the Ganges Delta. In brief, if seasonal parameters (temperature, salinity, carbon content, the presence of aquatic animal hosts, etc.) give rise to environmental blooms of heterologous bacterial organisms that produce AI signals, then nearby dormant V. cholerae might resuscitate and more readily cause human disease during this period (Fig. 2) . Alternative models could include a role for the human host in the resuscitation process. For example, resuscitation might also occur in a human that ingested CVEC through the influence of AI molecules produced by normal human The composition of enrichment media are shown. Samples were inoculated into the indicated LB media and then incubated for 6 h at 37°C, before plating aliquots of the enrichment culture on TTGA plates containing streptomycin and sulfamethoxazole-trimethoprim (SXT). Only CVEC positive surface water samples are shown. pcqsA and pluxS are plasmids carrying the cloned cqsA and luxS genes, respectively. The observed differences in recovery of culturable cells when enriched under different conditions were statistically significant (P < 0.001) when compared between columns: C vs. D, C vs. E, C vs. F, C vs. G, D vs. E, and F vs. G. No. of samples found positive for V. cholerae O1 after enrichment in LB containing filter-sterilized spent medium of C6706 or C6706 ΔcqsAΔluxS supplemented with synthetic cholera autoinducer CAI-1 or AI-2 as indicated The composition of enrichment media is shown. Samples were inoculated into the indicated LB media and then incubated for 6 h at 37°C, before plating aliquots of the enrichment culture on TTGA plates containing streptomycin and SXT. The observed differences in recovery of culturable cells when enriched under different conditions were statistically significant (P < 0.001) when compared between columns: A vs. B, and D vs. F.
gastrointestinal microbiota. However, this alone cannot explain cholera seasonality unless the human microbiome undergoes seasonal changes as well. It is also possible that environmental conditions linked to seasonal cholera epidemics might also favor the aquatic survival of normal human intestinal bacteria (e.g., fecal coliforms) that could trigger V. cholerae CVEC resuscitation by producing AIs in environmental water that was contaminated with normal human stools. In this model, one might further speculate that environmental blooms of phages that kill normal fecal coliforms could indirectly affect CVEC resuscitation by suppressing AI production in such contaminated water settings. In sum, it seems remarkably logical that AIs are a signal that CVEC use to regulate their resuscitation because these molecules reliably report the presence of bacteria that have grown to high density and therefore also environmental conditions that may be permissive for V. cholerae growth as well.
Clearly, the possibility that seasonality of cholera might ultimately depend on bacterial interspecies communication sets the stage for ecological studies that could provide further evidence for these conclusions as well as novel means for cholera surveillance, prevention, and control. Furthermore, other pathogenic bacteria, such as E. coli, Vibrio vulnificus, Salmonella enteritidis, Shigella sonnei, Shigella flexneri, Campylobacter jejuni, and Legionella pneumophila, have been shown to enter the dormant state after exposure to adverse environmental stresses (3, 18, 19) . If AI molecules play a role in the resuscitation of dormant cells of these species, our results may have significant implications in understanding the epidemiology of bacterial disease beyond cholera per se.
Materials and Methods
Bacterial Strains and Culture Condition. The bacterial strains used in this study were routinely cultured in Luria-Bertini broth (LB) or LB-agar containing appropriate antibiotics at 37°C, unless otherwise stated. The transposon insertion mutants were obtained from a TnFGL3 insertion library of strain C6706 described previously (20) . Other genetically marked strains or mutants used were either obtained from our collection or were constructed during the present study.
Construction of Deletion Mutants. For construction of deletion mutants, appropriate primers were used to amplify two short DNA segments flanking the two ends of the targeted gene. These fragments were ligated to form a fusion product that was amplified further by PCR using forward primer of the left flanking fragment and the reverse primer of the right flanking fragment. The PCR product was cloned into the SmaI site of the suicide vector pRE112 and transformed into E. coli SM10λpir. Plasmid DNA isolated from selected colonies was used to electroporate appropriate recipients and was plated on LB agar plates containing antibiotic (20 μg/mL of chloramphenicol). The selected colonies were grown in LB with 5% (wt/vol) sucrose for 3-4 h and plated on LB agar plates without antibiotic. Colonies that lost the resistance marker and hence the suicide vector were further purified on LB-5% sucrose and their genotypes were confirmed by PCR. Bacterial strains and plasmids used in this study are summarized in Table S2 .
Chitin-Induced Transformation. Transformation of V. cholerae cells in the presence of chitin was also used to create defined insertion mutants, in which DNA containing the mutated gene obtained from an appropriate mutant in the TnFGL3 transposon insertion library (20) , was used to incorporate mutation into the recipient strain by marker exchange. Chitin-induced transformation was done using the method described by Meibom et al. with modifications (21, 22) . Overnight cultures of the recipient V. cholerae strains were diluted 1:100-fold in LB medium and grown to an OD 600 of ∼0.3. The bacteria were precipitated by centrifugation, washed, and resuspended in a 0.10 volume of filter-sterilized environmental water or 0.5% sterile sea salt solution (SS). Aliquots of a 2-mL bacterial suspension were dispensed into the wells of a 12-well tissue culture plate containing sterile pieces of shrimp shell. After incubation at 30°C, grown statically for 24 h, the planktonic phase was removed, and fresh water or SS was added. At the same time, 1-2 μg of the appropriate DNA was added to the wells. After 24 h, the shrimp shells were removed from the wells, washed in SS, and vortexed in SS to release any attached bacteria. The released bacteria were then plated on LB-agar containing appropriate antibiotic. Suspected transformants were further analyzed using PCR and hybridization assays.
Preparation of Cloned CAI-1. The CAI-1 was prepared from a culture of E. coli DH5α carrying a cloned cqsA gene (VCA0523). The recombinant construct pJZ176 kindly provided as a gift by Jun Zhu (Department of Microbiology, University of Pennsylvania School of Medicine, Philadelphia) carried the cqsA gene cloned in pTAC under an IPTG-inducible lac promoter as described previously (12) . Overnight culture of E. coli DH5α (pJZ176) was diluted 1:100 times in fresh LB medium (100 mL) containing ampicillin (50 μg/mL), and grown for 3-4 h (until OD 600 = 0.5-1.0). Cells were precipitated by centrifugation at 4,500 × g for 15 min, the supernatant was discarded, and the pellet was resuspended in original volume of fresh prewarmed LB medium without antibiotic. IPTG solution was added to a final concentration of 0.5 mM, and the culture was incubated for another 6-8 h at 37°C with shaking. Aliquots of the culture were centrifuged at 6,000 × g for 20 min to precipitate bacterial cells. The culture supernatant containing CAI-1 was collected and sterilized by filtration through 0.22-μm pore-sized filters.
Preparation of Autoinducer Using Mutant V. cholerae Strains. To prepare AI from cloned AI synthase genes in V. cholerae, strain C6706 ΔcqsAΔluxS (pcqsA) (for CAI-1) or C6706 ΔcqsAΔluxS (pluxS) (for AI-2) the relevant strain was grown in LB at 37°C for ∼16-18 h with shaking. Culture supernatant which contained the AI was prepared by centrifugation of the culture to precipitate the bacterial cells. The supernatant was sterilized by filtration through 0.22-μm pore-sized filters. When appropriate, the sterile filtrate was then fractionated by using a column of Sephadex-G50 to partially purify and concentrate the AIs.
Resuscitation of V. cholerae O1 CVEC in Water. Environmental water samples which were found to be negative for V. cholerae O1 in routine enrichment cultures were selected for this assay. Three milliliters of the AI preparation was added to 3.0 mL of water along with 3.0 mL LB and grown at 37°C. Samples of the culture were withdrawn at regular intervals and plated on taurocholate tellurite gelatin agar (TTGA) (23) containing appropriate antibiotics. The cfu count on first appearance of V. cholerae O1 colonies in the time course growth experiment was considered as the most probable Fig. 1 . Fluorescent antibody-based microscopic visualization of the resuscitation process after exposure of aliquots of environmental water to CAI-1 preparations. V. cholerae O1 CVEC cells observed at T = 0, 3, and 6 h after exposure to CAI-1. Multiple aliquots of water samples were incubated in LB medium supplemented with equal volumes of cell-free spent culture supernatant of C6706 deleted of its indigenous autoinducer synthase genes and supplemented with a plasmid clone of the cqsA gene, C6706ΔcqsAΔluxS (pcqsA). In parallel, multiple control assays were run in which spent culture supernatants of different bacteria including C6706ΔcqsAΔluxS(pUC18) carrying the empty cloning vector and all were negative for viability. Water samples were monitored at regular time intervals using fluorescent antibody-based microscopy. Morphology of V. cholerae in two sets of samples exposed to CAI-1, which were found positive for V. cholerae O1 at different time intervals are shown (A-C). In the CAI-1-exposed cultures, extracellular material appeared to be progressively degraded with time and the cellular morphology changed from a coccoid shape to a more rod-like shape and these cellular changes corresponded to the dramatic recovery of viable cells at 6 h. Mechanical disruption by vortexing with silica beads did not produce viable counts at T = 0 or 3 h and 6 h without CAI-1 treatment. Thus, resuscitation is not related to dispersion of cells alone but requires additional metabolic activities. number of CVEC of V. cholerae O1 present in a sample. Samples without adding the AI preparation were also incubated in parallel as control assays. Parallel tests of aliquots of the same water samples by PCR and by fluorescent-labeled antibody were conducted when appropriate (24) . Briefly, aliquots of samples were centrifuged to concentrate cells, and the pellets were stained using fluorescein isothiocyanate-conjugated V. cholerae O1-specific antiserum. Stained samples were counted under UV light, using an epifluorescence microscope connected to a digital camera recorder.
Preparation and Use of Synthetic Autoinducers in Resuscitation of CVEC. The synthetic autoinducers were produced as described previously (25) (26) (27) (28) and were provided as a kind gift by Bonnie L. Bassler and Wai-Leung Ng, (Princeton University, Princeton, NJ and Tufts University, Medford, MA, respectively). The CAI-1 preparation was dissolved in dimethyl sulfoxide to prepare a 5-mM stock solution. The AI-2 was prepared by adding 10-fold molar excess of boric acid to 4,5-dihydroxy-2,3-pentanedione (DPD), and the stock concentration of AI-2 was adjusted to 25 μM. Synthetic autoinducer resuscitation mixtures consisted of 3 mL of spent culture supernatant of C6706 luxS::TnFGL3ΔcqsA (defective in production of both CAI-I and AI-2), 3.0 mL of environmental water, and 3.0 mL LB was spiked with 9 μL of CAI-1 or 18 μL of AI-2 stock solution. The mixtures were incubated at 37°C and samples of the culture were withdrawn at regular intervals and plated on TTGA containing appropriate antibiotics as described above. Fig. 2 . Diagrammatic representation of the formation of CVEC and their resuscitation. Stools of cholera victims contain V. cholerae as a heterogenous mixture of planktonic cells, and biofilm-like clumped cells. Upon introduction of cholera stools into environmental water, a temporary loss of quorum sensing occurs due to dilution of extracellular autoinducers. As a result, quorum-mediated regulatory responses that would normally break down biofilms are blocked and the cells exist embedded in thick exopolysaccharides in a dormant form referred to as CVEC. The CVEC can provide a large dose of the pathogen when ingested by a potential victim. Presumably, the CVEC form of V. cholerae survives phage predation and persists in water during interepidemic time. When climatic factors lead to multiplication of diverse environmental bacteria many of which produce autoinducers, the resuscitation of CVEC is initiated, and the resulting planktonic cells seed the environment for rapid spread and amplification of the strain. Foodstuff contaminated with pathogenic V. cholerae in the water allows further amplification of the bacteria and consumption of the contaminated food eventually causes an index case of cholera and may eventually initiate an epidemic.
